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Control of Blade Flutter by Smart-Casing Treatment

Xiaofeng Sun,¤ Xiaodong Jing,† and Hongwu Zhao‡

Beijing University of Aeronautics and Astronautics, Beijing 100083, People’s Republic of China

A novel acoustic liner with adjustable impedance is introduced as a casing treatment to suppress compressor
blade � utter. Numerical results are presented to show the variation of the � uctuating lift and moment coef� cients
as functions of the liner cavity depth and the bias-� ow Mach number through the ori� ces of the liner. It can
be seen from these results that liners with different impedances would have an either positive or negative effect
on compressor blade � utter under a given compressor working condition. However, an optimal impedance value
that matches a speci� c working condition to suppress the blade � utter can be found by a numerical method.
Correspondingly, two curves that determine the control values of liner cavity depth and bias-� ow Mach numbers
under anygiven compressor working conditioncanbe obtained.By means of these control curves, it is proposedthat
the active control of compressor blade � utter may be realized by a feedforward control methodology. Compared
with the existing methods for the control of blade � utter, smart-casing treatment indeed shows a novel conception
of blade � utter control.

Nomenclature
Aab = periphery of a blade
Ab = the upper or lower surface of a blade
a0 = speed of sound
b = blade semichord
CFqi ; CF®i = imaginary part of blade lift coef� cient
CFqr ; CF®r = real part of blade lift coef� cient
CMqi ; CM®i = imaginary part of blade moment coe� cient
CMqr ; CM®r = real part of blade moment coef� cient
G = the Green’s function
G! = Fourier transform of the Green’s function

for time
h = height from the hub to the tip in the transformed

space
kb = wave number, kb D !b=a0

L = liner cavity depth
Mbias = the Mach number of the bias � ow
Mr = mean-� ow Mach number in chordwise direction
Mt = blade circumferentialMach number in mean

radius
Mx = Mach number in x 0 direction
My = Mach number in negative y0 direction
Npm = amplitude of perturbationpressure for mth blade
r = .x; y; z/
r0 = (x0; y0; z0 )
rm = mean radius of blades
t = time in an observer point
Ur = mean velocity in chordwise direction
u = velocity perturbation in x direction
v = velocity perturbation in y direction
w = velocity perturbation in z direction
x; y; z = a blade-�xed coordinate system for an observer
x0; y0; z0 = a blade-�xed coordinate system for a source
x 0; y 0; z0 = a duct-� xed coordinate system
za = acoustic impedance of perforated liner with bias

� ow
® = wave number in » direction
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®0 = wave number in x 0 direction
¯ = wave number in ´ direction
¯a = wall admittance
¯ 0 = wave number in y 0 direction
µ = blade-stagger angle
¸ = reduced frequency based on blade chord
»; ´; ³ = a blade-�xed coordinate system for an observer

in the transformed space
»0; ´0; ³0 = a blade-�xed coordinate system for a source

in the transformed space
½ = perturbationdensity
¾ = interblade phase angle
Ä = rotating speed of rotor
! = angular frequency
!b = perturbation frequency of blade force

Introduction

D ESPITE considerable research effort in the area of turboma-
chinery aeroelasticityover the past few decades, � utter is still

occurringin current technologyengines and research fans.Once en-
countered, these instabilitieshave often proved very troublesometo
eliminate, requiringcostlyand time-consumingtesting and redesign
efforts. A lot of work had been done to � nd ways for suppressing
compressor blade � utter. Most of these proposed methods fall into
three main categories1: 1) mistuning,2) aeroelastic tailoring,and 3)
dry frictiondampingormode-shapecontrol.In addition,a novelway
of controlling blade � utter by use of a nonrigid wall or a soft wall
was suggested by Watanabe and Kaji2 and Namba et al.,3 respec-
tively, in 1984. Their research objective was to try to � nd a kind
of � utter-suppressing liner. In fact, if this is veri� ed as feasible,
there is at least one advantage to using an acoustic liner to suppress
compressor � utter, i.e., the application of � utter-suppressingliners
may not cause any apparent aerodynamic loss or weight penalty as
a passive � utter-control way compared with the existing methods.
More recently, Sun and Kaji4 made a further numerical investiga-
tion of the in� uence of a soft wall on blade � utter instability in a
supersonic cascade with a subsonic leading-edge locus by solving
an upwash integral equationwith a directly couplingboundarycon-
dition. Their results all show that a nonrigid wall has indeed less or
more in� uence on the unsteadypressuredistributionand aeroelastic
stability of blades, depending on the aerodynamic and geometrical
parametersof cascadeand the rangeof theacousticadmittancevalue
of the wall. It is known that all the methods mentioned above are
based on the conception of passive control. According to the exist-
ing experimentalor numerical results, some of these methods work
very well to suppress compressor � utter under the given condition.
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However, once the compressor works off this given condition, the
effectiveness of passive control in suppressing compressor blade
� utter will drop greatly; some passive � utter-suppressingmethods
even have negative effects. In addition, it is worth noting that most
of the passive � utter-suppressingmethods are achieved at the cost
of compressor ef� ciency. So, as a new conception of suppressing
compressor � utter, active � utter control has been of great concernin
recent years. In fact, there have been many investigationsabout the
activecontrolof isolatedairfoil � utter,which is carriedout by means
of the feedback-controlmethod with loudspeakers or piezoelectri-
cal materials installed on the airfoil surface or wall as actuators,
as in the work presented by Huang.5 Therefore how to � nd a new
method for the active controlof rotatingblade � utter in compressors
has become a problem of interest. A possible way suggested by the
present investigation is to extend the passive � utter control through
a � utter-suppressingliner to an active way. However, it is noted that
all these studies2¡4 are based on a � xed-wall-impedancecondition
and there is no connection with a speci� c impedance model. To
realize the active control of compressor � utter by this method, an
adjustable-wall-impedance model must be given. In addition, how
to realize this active control must also be resolved.

It has been found that there is a kind of liner with adjustable
impedance, which consists of a perforated plate with bias � ow
through the ori� ces. Recent experimental and theoretical work has
shown that such a liner would be a good prospect for many applica-
tions. Therefore there is reason to believe that, supposing a kind of
� utter-suppressing liner with adjustable impedance is available, it
would be possible to realize the active control of compressor blade
� utter. In fact, the progress made on vortex sound interaction has
revealed some possibility of designing such an acoustic liner. The
theoretical and experimental investigationsdeveloped at the end of
the 1970s6;7 have shown that the interaction between a sound wave
and a low Mach number mean � ow at a trailing edge can result
in sound absorption, and the acoustical energy is converted into
unsteady vortical motion, which is convected away by the mean
� ow. In 1990 Hughes and Dowling8 further showed the sound-
absorption coef� cient or impedance of a liner can be effectively
controlled by adjusting the speed of bias � ow and the experimental
results are in very good agreement with the theoretical calcula-
tion. In addition, Jing and Sun9 made some further parametric stud-
ies on the factors that in� uence the sound-absorption coef� cient,
which also showed a good agreement with experimental results.
More recently, Zhao and Sun10 designed an active control system
of wall impedance for this kind of liner by means of a standing-
wave tube and showed how to obtain an optimal sound-absorption
coef� cient or a speci� c impedance condition under the idealized
condition.

On the basis of what has been found, the objective of the present
investigationis to couple the existingunsteadyaerodynamicsmodel
with an acousticmodel to show further the possibilityof controlling
the compressor blade � utter by changing control variables such as
the velocity of bias � ow and the geometry of the liner. This may be
taken as a � rst step toward designing a real active-control system.
Henceourmain concernin thispaper is to givea realwall-impedance
model and discuss the control strategy for a smart-casing treatment
based on a more extensive numerical investigation.

Formulations
Basic Equations

Consider a three-dimensional cascade with blades that are as-
sumed to be � at plates of negligible thickness (Fig. 1). The blades
in the cascade are assumed to perform identical harmonic motions
of small amplitude with a constantphase angle between the motion
of adjacentblades. The mean positionsof the blade are aligned par-
allel to the freestream � ow. The � ow is subsonic and assumed to be
isentropic and frictionless.

The perturbationpressure p induced by the motion of the blades
is then governed by the wave equation
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Fig. 1 Cascade model.

Green’s Function in a Lined Duct

The Green’s function of Eq. (1) is
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According to the generalizedGreen’s functiontheory,11 the solution
of Eq. (1) can be expressed as
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Suppose that G! represents the Fourier transforms of the Green’s
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where K 2
q D K 2 ¡ ®2 ¡ ¯2. The solution of Eq. (6) is
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To determine the constants A and B, the boundary condition on
the liner surface is needed. The liner can be modeled by a vortex
sheet separating the uniform mean-� ow region within the duct from
the no-� ow region in the liner.12 The two regions are coupled by
matching the pressure and the particle displacement. A duct-� xed
coordinate system is introduced, which is related to the rotating
coordinates as follows:

x D x 0 cos µ C .y 0 C Ärm ¿/ sin µ

y D ¡x 0 sin µ C .y 0 C Ärm ¿/ cosµ; z D z 0 (8)

With the continuity of the pressure and the particle displacement,
the following boundary condition on the inner surface of the duct
can be derived:
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With the condition given by Eqs. (10) and (11), it is easy to show
that the constants are
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Therefore the Green’s function can be written as
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Pressure-Wave Solutions

By use of the impermeability condition on the blade and the wall
boundary condition of duct, Eq. (3) then reduces to
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where 1p is the pressuredifferencebetween the lower and theupper
surfaces of a blade. Assume that the blade force changes with time
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Carrying out the integration of ¿ leads to
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The theory of residues can be used to evaluate the integration of ¯ ;
hence,

p.x; t/ D ¡sgn.´ ¡ ´0/
¯r

4¼b2h

Z

Ab

Z C1

¡1
1 Np.»0; ³0/

£
C1X

q D 1

³
cos Kq³ cos Kq³0

3§

£ e
i!b t ¡ i.® ¡ Kb Mr /.» ¡ »0 / ¡ i

p
K 2

b ¡ ®2 ¡ K 2
q j ´ ¡ ´0 j

´
d® dS (19)

For the mth blade, as shown in Fig. 1,
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Assume that
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The complete solution to Eq. (1) is expressed simply as a sum of
function Npm or all the blades, i.e.,
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Upwash Integral Equation

The perturbation velocity v can be obtained from the linearized
momentum equation in the form
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Table 1 Lift and moment coef� cientsa

Bending Torsion
¸ CFq CMq CF® CM®

1.0 ¡0.7191C i0.0672 0.1509¡ i0.1405 ¡0.8236¡ i0.0840 0.1824¡ i0.1483
¡0.7190C i0.0670 0.1511¡ i0.1405 ¡0.8235¡ i0.0838 0.1825¡ i0.1482

1.2 ¡0.7502C i0.0960 0.1328¡ i0.1288 ¡0.9048¡ i0.0634 0.1734¡ i0.1934
¡0.7500C i0.0957 0.1329¡ i0.1287 ¡0.9044¡ i0.0636 0.1735¡ i0.1932

1.4 ¡0.3470C i0.4620 ¡0.0269¡ i0.1198 ¡0.5147¡ i0.4997 ¡0.0257¡ i0.2328
¡0.3473C i0.4618 ¡0.0269¡ i0.1199 ¡0.5149¡ i0.4992 ¡0.0253¡ i0.2327

aThe � rst row gives the results from Ref. 13 for a given reduced frequency ¸; the second row gives the results of the present
program. ¾ = 3.14, µ = 0, space/chord = 3.8, Mr = 0.5.
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By letting´ ! 0, wecanexpressan integralequationfor thepressure
across the 0th blade in terms of the known upwash velocity on the
blade surface as
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For the kernel function de� ned in Eq. (25), some further math-
ematical treatments are needed for the numerical calculation, and
then the method of collocation is used to solve the upwash integral
equation.3;4 Therefore the pressure difference distribution between
the upper and the lower blade surfaces can be obtained, which is
necessary for calculating the lift and the moment coef� cients of
blades.

Blade Lift and Moment Coef� cients

For a bending vibration, the blade lift and moment coef� cients
are de� ned by
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and also for a torsionalvibration, the de� nitions of the blade lift and
moment coef� cients are
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where Nvb represents the amplitude of upwash velocity that is due to
bending vibration and ®t is the amplitude of the angular displace-
ment that is due to the torsional vibration of a blade.

It is well known that the imaginary part of the moment coef� -
cient CM®i will determine whether the blade � utters or not, i.e., if
CM®l < 0, the system is stable;otherwise it is unstable.On the other
hand, it is noted the radial standingwaves will have no contribution
to the integration of blade pressure distribution under a hard-wall
condition. Therefore it can be concluded that the results of solving
the three-dimensional integral equation for a hard wall will be the
same as that from two-dimensionalmodels in terms of the preceding
de� nition of the lift and the moment coef� cients. For the con� rma-
tion of reliabilities of the present model, Table 1 gives the results
of solving the present three-dimensional integral equation and that
from Ref. 13, which show very goodagreementbetween each other.

Acoustic Impedance Model of Liner
In this studyanacoustic linerwith adjustableimpedanceis used to

providethe soft-wallboundarycondition.The acoustic liner is made
of a perforatedliner with bias � ow (blow or suction) through it. The
acoustic properties of this kind of acoustic liner have been investi-
gated in detail in Refs. 6–9. Furthermore, Zhao and Sun10 showed
that the impedanceof this kind of acoustic liner can be adjusted to a
prescribedvalue through controlling the bias-� ow velocity through
the perforated plate and the cavity depth of the liner. Therefore the
boundarycondition or wall impedance is a functionof the bias-� ow
Mach number and the depth of the liner cavity, i.e.,

za D f .Mbias; L/ (30)

A detailed description of Eq. (30) is available in Refs. 9 and 10.
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Numerical Results
In this study, a numericalsimulationhas been carried out on a sin-

gle blade row. The blade moment and lift coef� cients are calculated
under different wall-impedance conditions and then are plotted as
functionsof interbladephase angle, inlet Mach number of compres-
sor mean � ow, cavity depth of liner, and bias-� ow Mach number
through the ori� ce of the liner. In addition, the following results
related to the moment coef� cient are referred to as axis positions at
the leading-edgepoint.

Figure 2 shows the in� uence of the interbladephase angle on the
blademomentcoef� cientsundervariouswall impedances.From this
plot it is seen that the interbladephaseanglehas a different in� uence
on the blade moment coef� cients under different wall-impedance
condition. For the hard-wall condition, the blade remains unstable
for most interblade phase angles between 0 and 2¼ . The blade can
remain stable for most interblade phase angles under speci� c soft-
wall conditions such as soft wall 1 .Mbias D 0:07; L D 0:1/ and soft
wall 2 .Mbias D 0:07; L D 0:15/. However, still at some interblade
phase angles, the soft wall makes the blade become more unstable,
for example, ¾ D 4:5.

Figure 3 shows the in� uence of inlet Mach number on the blade
moment coef� cient under various wall-impedance conditions. It is
noted from this � gure that with the variation of inlet Mach number
the soft wall and the hard wall have different in� uencs on blade
stability. At most inlet Mach number points, the soft wall makes
the blade, which is unstable under the hard-wall condition, become
stable. Still, at some Mach number points, the soft wall has little
in� uence on the blade stability. A few points become even more
unstable under the soft-wall condition.

Figure 4 shows the in� uence of the change of liner cavity depth
on the blade moment coef� cient. The variation of liner cavity
depth mainly changes the reactance of the liner. Therefore this � g-
ure indeed shows the in� uence of liner reactance variation on the
blade moment coef� cient. Figure 5 shows the in� uence of the bias-
� ow Mach number variation on the blade moment coef� cient. The

a)

b)

Fig. 2 Moment coef� cients are plotted as functions of the interblade
phase angle under various wall impedances: a) real part, b) imaginary
part of the moment coef� cient; ¸ = 0.1, µ = 35 deg, space/chord = 3.8,
span/chord = 4.0, Mr = 0.8. Curve 1, hard wall; curve 2, soft wall (Mbias
= 0.07, L = 0.1); curve 3, soft wall (Mbias = 0.07, L = 0.15).

a)

b)

Fig. 3 Moment coef� cients are plotted as functions of inlet Mach
number under various wall impedances: a) real part, b) imaginary
part of the moment coef� cient; ¸ = 0.1, µ = 35 deg, space/chord =
3.8, span/chord = 4.0, ¾ = 3.14, curve 1, hard wall; curve 2, soft wall
(Mbias = 0.05, L = 0.1).

Fig. 4 Effect of liner cavity depth variation on the blade moment co-
ef� cient; ¸ = 0.1, ¾ = 5.34, µ = 35 deg, space/chord = 3.8, span/chord =
4.0, Mr = 0.8.

Fig. 5 Effect of bias-� ow Mach number variation on the blade mo-
ment coef� cient; ¸ = 0.1, ¾ = 3.14, µ = 35 deg, space/chord = 3.8,
span/chord = 4.0, Mr = 0.8.
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variation of the bias-� ow Mach number mainly changes the resis-
tance of the liner. So this � gure indeed shows the in� uence of liner
resistancevariation on the blade moment coef� cient. It can be seen
from these two � gures that, under the hard-wall condition, the blade
is unstable, but with a change of liner cavity depth or a variation
in the bias-� ow Mach number, at one point, such as L D 0:14 or
Mbias D 0:02, the blade begins to become stable. Therefore, in a
sense, both resistance and reactance have the same effect on chang-
ing the blade stability.

It can be seen from the above � gures that the variation of wall
impedance has a great in� uence on the blade moment coef� cient.
However, it should be also noted that the soft-wall-impedance
conditions do not always enhance the blade stability. For the same
compressor working condition, some wall-impedance conditions
make the blade become stable, whereas other wall-impedance con-
ditions have little effect on blade instability or even make the blade
become more unstable. Therefore, how to � nd an optimal wall-
impedance condition and realize it under any given compressor
working condition so that the blade can always keep stable is a
problem of concern in this paper.

Control Strategy for Smart-Casing Treatment
As has been shown in the preceding section, an optimal acous-

tic treatment for the compressor casing can suppress blade � utter
effectively.However, becauseof the variations in compressorwork-
ing conditions, the casing acoustic treatment cannot always remain
optimal.Therefore,in order to suppressblade � utter under any com-
pressor working conditions, a smart-casing treatment is necessary,
that is, by an active-controlmethod to change the compressor wall
acoustic impedance to match with a speci� c compressor working
condition, the blade � utter can always be suppressed. However,
how to realize this active control is another problem that should
be addressed in this paper. Compared with airfoil � utter, compres-
sor blade � utter often occurs more quickly. Therefore, the existing
feedback-control strategies would have a great dif� culty to over-
come providing they are used to control compressor blade � utter.
Obviously some other more effective control strategies should be
found for compressor blade � utter control.

A natural choice is to actively adjust the wall impedance. In fact,
there are two controllable variables for the liner discussed in this
paper. One is the liner cavity depth; the other is the bias-� ow Mach
number through the ori� ces of the liner. When these two variables
are combined, any required wall-impedance condition can be ob-
tained, as shown in Ref. 10. To keep the blade stable, the wall-
impedance condition should be adjusted with the variation of the
compressorworkingcondition.For a speci� c compressor,interblade
phase angle and inlet mean-� ow Mach number are the two main pa-
rameters that determine the blade aeroelastic stability. Once one of
them changes, the compressor aerodynamic damping also changes.
Therefore this will in� uence the stability of the compressor blade.
No doubt thereare other factors that are relatedto the blade � utter. In
this paper, emphasis is placedon the effect of interbladephase angle
and mean-� ow condition.Naturally the objectiveof activecontrol is
to keep the compressor blade stable under any interblade phase an-
gle and inlet mean-� ow Mach number. To realize this objective, the
optimal wall impedance matched with the correspondinginterblade
phase angle and inlet mean-� ow Mach number should be found.

It has been discussed above that the imaginary part of the blade
moment coef� cient re� ects the blade stability. If the imaginary part
of the moment coef� cient is negative, the blade is stable; otherwise,
it is unstable. A series of three-dimensional plots that show the
imaginary part of blade moment coef� cient as a function of liner
cavitydepthandbias-� owMachnumberat somespeci� cmean- � ow
Mach numbers and interblade phase angles are given by numerical
calculations. For each three-dimensional plot, the minimal point
of the plot is the optimal point for the wall acoustic impedance
to match with the compressor working condition. At this point the
bladesremain in themost stablestatus.Therefore,theoptimalvalues
of liner cavity depth and bias-� ow Mach number for control can be
determinedby this point.Figures6 and 7 give the three-dimensional
plots at different mean-� ow Mach numbers and interblade phase

Fig. 6 Moment coef� cient CM®i as a function of liner cavity depth and
bias-� ow Mach number; ¸ = 0.1, ¾ = 3.14, µ = 35 deg, space/chord =
3.8, span/chord = 4.0, Mr = 0.5.

Fig. 7 Moment coef� cient CM®i as a function of liner cavity depth and
bias-� ow Mach number; ¸ = 0.1, ¾ = 3.14, µ = 35 deg, space/chord =
3.8, span/chord = 4.0, Mr = 0.8.

angles, respectively.Correspondingly,the plots at other mean-� ow
Mach numbers and interblade phase angles can also be obtained.
Once the optimal point for each plot is found, then the optimal
curves of blade moment coef� cient as functions of the inlet mean-
� ow Mach number and the interblade phase angle can be obtained.
Because of the complexity of the phenomenon involved, this paper
deals with the variation of the inlet mean-� ow Mach number and
the interblade phase angle separately. Figure 8 shows the optimal
blade moment coef� cient as a function of the inlet mean-� ow Mach
numberwhen the interbladephase angle is � xed. Figure 9 shows the
optimal blade moment coef� cient as a function of interblade phase
angle when the inlet mean-� ow Mach number is � xed. At the same
time, the optimal curves for wall impedance and control values for
liner cavity depth and bias-� ow Mach number as functions of the
inlet mean-� ow Mach number and interblade phase angle can also
be obtained, as shown in Figs. 10–13, respectively.

According to the control curves in Figs. 12 and 13, as long as
the compressor mean-� ow Mach number and the interblade phase
angle are known, the control values of the bias-� ow Mach number
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Fig. 8 Optimal blade moment coef� cient as a function of inlet mean-
� ow Mach number; ¸ = 0.1, ¾ = 3.14, µ = 35 deg, space/chord = 3.8,
span/chord = 4.0.

Fig. 9 Optimal blade moment coef� cient as a function of interblade
phase angle; ¸ =0.1, Mr = 0.7, µ = 35 deg, space/chord = 3.8, span/chord
= 4.0.

Fig. 10 Optimal wall impedanceas a function of inlet mean-� ow Mach
number.

Fig. 11 Optimal wall impedance as a function of interblade phase
angle.

Fig. 12 Controlvalueofbias-� ow Machnumberand linercavitydepth
as functions of inlet Mach number.

Fig. 13 Controlvalueofbias-� ow Machnumberand linercavitydepth
as functions of interblade phase angle.

Fig. 14 Feedforward-control system for smart-casing treatment.

and the liner cavity depth can be obtained from these curves. If these
controllablevariablesof the liner are adjustedto their corresponding
control values, the impedance condition required for making the
compressorblade stable can be satis� ed. The control can be realized
by a feedforward-control system, illustrated in Fig. 14. Compared
with traditional feedback-control strategies that have been applied
to airfoil � utter control, this control system can respond before any
� utter precursoris formed on the compressorblade.Therefore blade
� utter can never happen under such conditions.

Conclusions
A soft wall as a kind of casing treatment was suggested to sup-

press compressor � utter a couple of years ago. However, any given
soft wall has to be designed to match with a speci� c compressor
working condition. As long as this working condition changes, for
example, the inlet mean-� ow Mach number or the interbladephase
angles varies, the optimal � ow condition under which the soft wall
works well to suppress compressor blade � utter cannot be satis-
� ed anymore. That is, the boundary condition is not a good match
with such a � ow condition to control the � utter effectively. In this
paper a smart casing as a new concept of casing treatment is pro-
posed. It is achieved by an active-controlmethod. A kind of acous-
tic liner with adjustable impedance is introduced as the actuator to
change the wall boundary condition. In the present study the opti-
mal impedanceconditionrequiredfor suppressingcompressorblade
� utter and corresponding control values for liner cavity depth and
bias-� ow Mach number are given numerically.With active control,
the blade � utter can be suppressed under any compressor working
condition.It shouldbe pointedout that all the resultsgivenin this pa-
per are obtained based on the numerical simulations. For practical
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applications, an experimental veri� cation of the proposed control
strategies is necessary.
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